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INTRODUCTION

The luminosity of pyrotechnic flare flames can be produced by a two-stage process. In
the first stage, metal particles are melted, partially vaporized and oxidized by the decomposition
products of the oxidizer at or very near the flame surface. Hot gases produced by this reaction
heat the unreacted metal particles and eject them into the atmosphere. The second stage process
then consists of the combustion of these metal particles with atmospheric oxygen, and with the
gases produced by the decomposition of the oxidizer.

It is the objective of the study to investigate the second stage process, that is, the
luminosity that occurs because of the atmospheric combustion of the metal particles produced by
burning Mg-NaNO3 compositions. The extensive investigations of single particle combustion
(refs 1 through 3) have been of considerable help in understanding processes occurring in the
present study.

EXPERIMENTAL PROCEDURE

Samples consisted of 300 to 400 mg of the composition capped with 100 mg of a
nonilluminating igniter composition. The compositions were pressed in a 6.4-mm die at pres-
sures of either 10 or 33 kpsi.* This procedure produced pellets which were about 0.64 cm long.
Samples were then wrapped with two layers of Kraft paper tape to form a case which prevents
side burning.

The pellets were placed in the center of an upright cylindrical chamber 25 cm in diameter
by 23 cm in height with a total volume of 11.5 liters. There was a removable quartz window in
the center of the wall for observing the burning pellet. The chamber was evacuated, then filled

* kpsi equals pounds per square inch in thousands.
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with the proper gas mixture to a total pressure of 760 Torr. The pellets were ignited by a hot
wire, and the light intensity produced by the burning composition was measured by a calibrated
RCA 926 vacuum phototube located 85 cm in front of the window. The phototube had correc-
tive filters to give response essentially equivalent to that of the human eye. The voltage
developed by the phototube current flowing through a standard resistor was recorded by a
fast-response oscillograph. The duration of burning was reported in seconds, the burning rate
(BR) in crm'min, the average luminous output (LO) in candles/in. 2 of flare surface area, the
luminous efficiency (LE) in candle-sec/g of composition, and the adjusted LE in candle-sec/g of
magnesium (Mg),

At least six pellets were burned in each atmosphere. Where results for a pellet were very
far from the average in at least two of the three measured parameters, the values were discarded
and several more pellets were burned. The average deviation for each average value was ± 10 to
15%, and all points were within 1.96 standard deviation.

The amount of Mg remaining unburned from the flares was determined by burning the
pellets in a Paar bomb, adding water to react with any sodium formed, then adding H2SO 4 to the

residue and measuring the amount of H2 evolved (ref 4).

RESULTS AND DISCUSSION

Compositions of Mg-NaNO 3 pressed at 10 kpsi and mixed in proportions of 60-40,

50-50, and 40-60 weight percentages were burned in N2-0 2 atmospheres of 0, 20, 40, 60, 80, and
100 volume percent of 02 at different pressures. The effect of loading pressure was investigated

by burning the 50% Mg composition pressed at 10 and 33 kpsi. A composition of 47% Mg/47%
NaNO316% Laminac was studied to determine the effect of binder on the composition.

Effect of Mg Content on Performance Characteristics

The values for the burning rates of the binary compositions pressed at 10 kpsi are listed in
table 1. The BR generally increases as the amount of Mg in the composition is increased. For 50
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and 40% Mg, the BR is almost constant over the range of atmospheres indicating that there is
little radiation feedback from the flame zone to the composition.

Table 1. Average burning rates of 60-40, 50-50, 40-60 Mg-NaNO 3 compositions in N2-0 2

atmospheres

60% Mg 50% Mg 40% Mg
Volume % 0 2  BR (cm/min) RSD* BR (cm/min) RSD* BR (cm/min) RSD*

0 35.1 0.172 20.4 0.072 15.5 0.112
20 27.4 0.080 19.6 0.065 15.3 0.121
40 25.2 0.126 19.0 0.068 15.6 0.156
60 21.2 0.129 19.3 0.109 15.5 0.140
80 20.0 0.113 18.8 0.066 14.8 0.083

100 20.2 0.059 20.0 0.091 13.5 0.056

* RSD = relative standard deviation = standard deviation/average value

For the composition containing 60% Mg, there is an apparent decrease in BR as the 02

content of the atmosphere is increased. Repeated duplication of this result confirmed that it is
real and could result from the oxygen supply in the vicinity of the surface being depleted, there-
fore, allowing melted magnesium to flow from the reaction zone without reacting.

The LO for these compositions increased with increasing oxygen content of the atmos-
phere (fig. 1). The values of LO in pure nitrogen are very low, and the addition of 20% oxygen
causes a large increase in these values. This dependence on atmospheric oxygen of the
luminosity of the flame signifies the inefficiency of the sodium nitrate in its reaction with the
metal. Since the stoichiometry of Mg-NaNO 3 reaction is 45.9% Mg according to the equation

6 Mg + 2 NaNO 3 -+ 6 MgO + 2 Na + N2

the composition containing 40% Mg should be less dependent on atmospheric 02 than the
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metal-rich compositions. While this is true, the addition of 02 causes a large increase in LO for

this composition as it did for the others. After the initial increase, the LO for all compositions
increases linearly with increasing 02 content of the atmosphere.

As expected, the LO increases in a simulated air atmosphere as the amount of Mg in the
composition is increased due to the greater quantity of Mg available to be oxidized (fig.2)

The luminous efficiency, adjusted for the Mg content. of the composition, is plotted
versus the 02 content of the atmosphere (fig. 3). These plots show that there was a very large

increase in the LE on the addition of 02 as there was for LO. The efficiencies are almost the

same for all Mg contents, indicating a maximum rate of reaction governed by the amount of 02

in the atmosphere.

Effect of Loading Pressure on Performance Characteristics

The effect of loading pressure on the performance was studied by burning the 50% Mg
composition consolidated at 10 and 33 kpsi. The BR was 19.6 cm/min for the composition
pressed at 10 kpsi and 14.9 cm/min for that pressed at 33 kspi. However, even though the
gaseous permeability changed by a factor of 4 (ref 5), the mass burning rate for these composi-
tions changed minimally, from 0.165 to 0.155 g/sec, respectively. Although the pellet is shorter
and denser when loaded at higher pressure, the same weight of material was burned per unit time.
This observation is confirmed by comparing the luminous intensities and efficiencies of the two
compositions (figs. 4 and 5). The LO's are essentially the same as would be the case if equal
weights of composition are being burned in the same time. The LE's for the composition pressed
at 33 kpsi are slightly higher than those for the one pressed at 10 kpsi. This is probably because
the metal particles are not ejected as freely from the composition consolidated at the higher
pressure due to its more compact nature, thereby permitting the particles to burn more completely

before passing from the flame zone.

4
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Effect of Binder on Performance Characteristics

To determine the effect of adding a binder to the Mg-NaNO 3 binary, a composition was

burned which contained 47% Mg/47% NaNO3/6% Laminac. This composition retains the 1:1

ratio of Mg:NaNO 3 which exists for the composition containing 50% Mg with which it is com-

pared. The BR was cut in half (from 19.6 to 9.68 cm/min) by adding the binder. This is to be
expected since the decomposition of the binder reduces the surface temperature, thereby slowing
the reaction rate. This lower reaction rate results in a somewhat lower LO (fig. 6). On the other
hand, due to more efficient combustion of the fuel, the LE is greatly increased (fig. 7). The
amount of Mg remaining unburned in various compositions points out this more efficient com-
bustion. Ninety-seven percent of the Mg is consumed for the binder composition burned in pure
02 (table 2); however, large amounts of Mg are left unburned from the binary compositions.

There is a correlation between the amount of Mg consumed and the LE produced by the burning
compositions (table 2). It appears that the presence of Laminac is very beneficial to the combus-
tion process.

Table 2. Magnesium consumed in magnesium-sodium nitrate flares

Percent 02 in Percent Mg

Composition by weight percentages atmosphere consumed Percent LE/E axa

46 Mg/60 NaNO 3  20 25 19

50 Mg/50 NaNO 3  20 25 20

40 Mg/60 NaNO 3  100 42 50

50 Mg/50 NaNO 3  100 44 50

47 Mg/47 NaNO 3/6 Laminacb 100 97 100

a LEmx is the LE for 47%/Mg/47% NaNO 3/6% Laminac burned in pure 02.

b Laminac is made of 98.5% Laminac 4016 Resin, 1% Lupersol, and 0.5% Nuodex.

5
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Effects of Gaseous Pressure and Consolidation Pressures on Burning Rates of Mg-NaNO 3

Flares

Several experiments were conducted to determine the effects of 02 content, atmospheric

pressure, and consolidation pressure on the burning rates of Mg-NaNO 3 pellets. In these experi-

ments, gas containing 20 and 100% 02 was used at pressures of 0.5, 1.0, and 2.0 atmospheres.

These results are shown graphically in figure 8 using flare pellets consolidated at 10 and 33 kpsi.
Although these a:e only crude graphs based on three points each, they indicate two important
trends: (1) the burning rates of the compositions, consolidated at the lower pressure of 10 kpsi
and burned in 20% 02, increase linearly with increasing atmospheric pressure; (2) the pellets

consolidated at the higher pressure of 33 kpsi have burning rates which begin to rise exponen-
tially with increasing atmospheric pressure.

Several phenomena begin to occur as the atmospheric pressure increases. The gaseous
reaction zone is increasingly confined to the flare surface resulting in greater transfer of energy
back to the composition. Also, increasing atmospheric pressure increases the pressure gradient
and ensuing permeation into the flare grain.

At the lower consolidation pressure of 10 kpsi, the burning rate increases due to increased
permeation with increasing pressure for gases containing both 20 and 100% 02. However, when

the consolidation pressure is increased to 33 kpsi, the transfer of thermal energy into the flare by
conductivity is becoming increasingly important. This enhancement in thermal conductivity
results from the greater proximity of the highly conductive metal particles due to the increased
consolidation pressure. As the 02 content and atmospheric pressure increase, the reaction rate

increases rapidly, pumping greater energy into the flare surface. This results in a rapid increase
in burning rate.

CONCLUSIONS

The burning of magnesium-sodium nitrate flares occurs by two processes: condensed
phase and vapor phase. In the condensed phase, metal particles are melted, partially vaporized,
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and oxidized by the molten oxidizer and/or its decomposition products at or very near the flare
surface. In addition, the hot gases produced by these reactions heat the unreacted metal particles
and eject them into the atmosphere. In the vapor phase reaction, these ejected metal particles [

react with atmospheric oxygen and with the gases produced by the decomposition of the oxidizer.

The processes occuring in the condensed phase have been found to be essentially inde-
pendent of the atmospheric reactions (at least for the compositions containing 40 and 50% Mg),
as evidenced by the constant BR's for these compositions with increasing 02 content of the

atmosphere. This study has clearly shown that the luminous output of the gas phase reactions
increase very rapidly with increasing 02 content without the resulting radiation feedback chang-

ing the BR. This is because the absorbed radiation is being used to vaporize the surface of the
molten condensed phase and not being transferred back into the solid unburned composition.
The molten phase is concomitantly being cooled by the vaporization of the liquid Mg and the
decomposition of the organic binder.

The predominant light-producing processes occur in the vapor phase as shown by
numerous spectroscopic investigations. These processes include the production of excited Na
(line broadened) and Planckian greybody radiation from solid MgO, both as free product and
coating material. This radiation is highly oxygen dependent as shown by the very low luminous
output (LO) and luminous efficient (LE) values obtained when Mg-NaNO 3 pellets were burned

in pure N2. As the 02 content of the atmosphere increases, the LO and LE values increase

dramatically. This rapid increase in LO obviously results from a significant increase in reaction
temperature as predicted by the Stefan-Boltzman law which states that the total black-body
radiant flux/unit area is proportional to the fourth power of the absolute temperature.

The rapid reaction of Mg with atmospheric 02 causes a partial depletion of 02 in the

flame zone which must be replenished by diffusion from outside the zone. This partial depletion
can cause the burning metal particles to become extinguished and pass unburned from the flame
zone. This effect was observed in the incomplete burning which occured even with 100% 02

atmospheres for the 50% Mg/50% NaNO 3 composition.

Returning to the condensed phase, several experiments were conducted to determine the
effects of 02 content, atmospheric pressure, and consolidation pressure on burning rate (BR) of

Mg-NaNO 3 pellets. It was found that at the lower consolidation pressure of 10 kpsi, the BR

increased, probably due to increased gaseous permeation from increased pressure with atmos-
pheres containing both 20 and 100% 02. However, when the consolidation pressure is increased

to 33 kpsi, the transfer of thermal energy into the flare by conductivity is becoming increasingly
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important. This enhancement in thermal conductivity results from the greater proximity of the
highly conductive metal particles due to the the increased consolidation pressure. As the 02

content and atmospheric pressure increase, the reaction rate increases rapidly, pumping greater

energy into the flare surface. This results in a rapid increase in buring rate.

Finally it was discovered that the presence of only 6% of an organic binder had a very

significant and desirable effect on increasing combustion efficiency. For example, a 50/50
Mg/NaNO 3 composition burning in a 100% 02 atmosphere used only 44% of the available Mg,

while similar mixes containing 6% binder (Laminac) consumed 97% of the Mg. It is postulated

that the gases generated by the decomposition of a binder produce metal droplets which are more

easily consumed. The binder system resulted in the highest luminous efficiencies of all the

systems investigated.
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